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ABSTRACT
We have determined K-band luminosity functions for 13,325 local Universe galaxies as a function of mor-
phology and color (for Ktot ≤ 10.75). Our sample is drawn from the 2MASS Extended Source Catalog, with all
sample galaxies having measured morphologies and distances (including 4,219 archival redshift- independent
distances). The luminosity function for our total sample is in good agreement with previous works, but is rela-
tively smooth at faint magnitudes (due to bulk flow distance corrections). We investigated the differences due
to morphological and color-selection using 5,417 sample galaxies with NASA Sloan Atlas optical colors and
find that red spirals comprise 20 to 50 % of all spirals with -25 ≤MK < -20. Fainter than MK = -24, red spirals
are as common as early-types, explaining the different faint end slopes (α = -0.87 and -1.00 for red and early-
types, respectively). While we find red spirals comprise more than 50% of all MK < -25 spiral galaxies, they
do not dominate the bright end of the overall red galaxy luminosity function, which is dominated by early-type
galaxies. The brightest red spirals have ongoing star formation and those without are frequently misclassified
as early-types. The faintest ones have an appearance and Sersic indices consistent with faded disks, rather than
true bulge dominated galaxies.
Subject headings: galaxies: evolution – galaxies: luminosity function, mass function – galaxies: star formation
1. INTRODUCTION
Understanding how different galaxy types evolve is one of
the most important unresolved issues in modern astronomy.
The galaxies that form in the early Universe do so from the
gravitational collapse of dark matter into halos. Baryonic
matter falls into these halos, eventually collapsing enough to
make stars and finally forming galaxies (e.g., Springel et al.
2005; Benson 2010). However, the behavior of baryonic mat-
ter inside these halos is much more difficult to model than the
dark matter halos themselves. This is largely due to the fact
that baryonic matter interacts via all of the physical forces,
rather than the simple gravitational interactions of dark mat-
ter particles. The presence of stars, active galactic nuclei, su-
pernovae and other celestial sources can all influence the gas
within galaxies in ways that are still not yet fully understood
(e.g., Fabian et al. 2003; Croton et al. 2006). As a result,
theory has made many plausible predictions about aspects of
galaxy evolution that are testable. The shape of the galaxy lu-
minosity function has a long history in this regard (e.g., Ben-
son et al. 2003a).
The galaxy luminosity function describes the number of
galaxies per unit volume per unit luminosity. By measur-
ing the luminosity function and its evolution, we can better
understand what factors contribute to the star formation rate
and growth of galaxies. (e.g., Bell et al. 2004). Luminosity
functions are vital for testing our theories for galaxy evolution
(e.g., Benson et al. 2003b) as, to be plausible, any model pro-
posed must match the observed luminosity function. This is
highlighted by the fact that luminosity functions have driven
the current paradigm of galaxy evolution and feedback (e.g.,
Bell et al. 2004; Croton et al. 2006), as models without feed-
back were unable to reproduce both ends of the observed lu-
minosity function simultaneously.
The consensus view of galaxy evolution (e.g., Bell et al.
2004; Croton et al. 2006; Hopkins et al. 2006) is that pri-
mordial, irregularly shaped galaxies in the early Universe can
grow via star formation, and may eventually evolve into disk
dominated spiral galaxies. Spiral galaxies will grow by form-
ing new stars, but star formation must be truncated above
some critical mass (Kauffmann et al. 2003). Red elliptical
galaxies form via mergers of smaller galaxies (e.g. Toomre
& Toomre 1972). These mergers would destroy disks and
cause the variety of orbital planes of stars observed in ellipti-
cal galaxies today.
By constructing luminosity functions as functions of color
(e.g., Bell et al. 2004; Brown et al. 2007; Faber et al. 2007)
we can trace the color evolution of galaxy populations. In the
past decade, measurements of color-selected luminosity func-
tions have yielded important insights into galaxy evolution.
Bell et al. (2004), Brown et al. (2007) and Faber et al. (2007),
amongst others, have shown that the stellar mass contained
within the red galaxy population has roughly doubled since z
' 1. As red galaxies should not be producing any new stars,
this indicates that stars from the blue galaxy population are
being transferred to the red population. This is best explained
by the truncation of star formation in blue galaxies, resulting
in the transformation of blue galaxies into red galaxies.
However, to equate this to a measure of morphology evo-
lution, we are forced to make certain assumptions about the
relationship between galaxy color and morphology. Direct
studies of morphology-selected luminosity functions (e.g.,
Marzke et al. 1998; Kochanek et al. 2001; Devereux et al.
2009) have helped us to better quantify galaxy populations
in our current epoch. These have shown that the typical lu-
minosity and mass of early-type galaxies (elliptical galaxies
and lenticular galaxies) is higher than that of more numerous
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2late-type galaxies (spiral galaxies).
Morphology and color give insight into different galaxy
properties. Morphology reflects the motion of stars within
a galaxy, and provides information on galaxy formation and
assembly. If a galaxy is predominantly spheroidal or bulge
dominated, it is believed to have formed through either hier-
archical assembly (the merging of multiple smaller galaxies
over time; e.g., Toomre & Toomre 1972) and/or monolithic
collapse (multiple star forming regions rapidly collapsing in
the early Universe; e.g., Eggen et al. 1962). The light from
spheroidal galaxies is typically dominated by older stars with
a variety orbital planes. The stars in disk galaxies are formed
over long periods of time from gas that cools and collapses to
form a disk.
Dust corrected optical color is a proxy for star formation,
with star forming galaxies containing short-lived luminous
blue stars and galaxies with little to no star formation contain-
ing older red stellar populations. Observationally, color and
galaxy shape correlate (e.g., Strateva et al. 2001; Hogg et al.
2002; Conselice 2006; Mignoli et al. 2009) and thus, are often
used as proxies for one another. However, with more evidence
mounting for the existence of objects such as red spirals (e.g.,
Goto et al. 2003; Wolf et al. 2009; Masters et al. 2010) and
blue pseudo-bluges (e.g., Driver et al. 2007; Gadotti 2009;
McIntosh et al. 2014), it is becoming more apparent that color
can no longer be safely used as such a proxy.
Early-type luminosity functions differ in shape from red
luminosity functions, as do those of blue compared to late-
type galaxies. Most strikingly, red functions typically have a
significant turnover and power-law index of α '-0.5 to -0.6
at higher z (e.g., Bell et al. 2004; Brown et al. 2007; Faber
et al. 2007) and '-0.8 for the local Universe (e.g., Baldry
et al. 2004), whereas early-type functions have a nearly flat
slope (e.g., Marzke et al. 1998; Kochanek et al. 2001; Dev-
ereux et al. 2009). The most plausible explanation is that there
must either be significant numbers of blue elliptical galaxies
(e.g., Driver et al. 2007; Gadotti 2009; McIntosh et al. 2014)
and/or red spiral galaxies (e.g., Goto et al. 2003; Wolf et al.
2009; Masters et al. 2010) in the Universe. If red galaxies are
formed via the truncation or “switching off" of star formation
in blue galaxies, one may expect red spirals to be fainter than
blue spirals (and we return to this point later in the paper).
In this paper, we aim to test the hypothesis that the observed
difference in shape between optical color-selected luminosity
functions and morphology-selected luminosity functions can
be explained by the presence of a significant population of red
late-type galaxies. To this end, we measure the K-band lumi-
nosity function for a large sample of bright local Universe
galaxies with data taken from a number of sources. We pro-
vide luminosity functions for our sample separated by late and
early morphological types. We compare these morphology-
selected functions to functions that we calculate based on op-
tical blue and red color separation. Through this comparison,
we are able to show that using color as a proxy for morphol-
ogy is extremely unreliable, as well as explaining why the
shapes of morphology-selected and color-selected functions
differ so markedly.
The structure of this paper is as follows. In §2, we dis-
cuss the sources of our data and our sample selection, as well
as the criterion we have used to morphologically divide our
sample. In §3, we discuss the uniformity and completeness
of the sample. In §4 we outline both the V/VMAX and maxi-
mum likelihood methods used to derive and fit our luminosity
function respectively. We also discuss the methods used to di-
vide our sample by color, how we account for over-densities
in our galaxy sample and our final comparison between our
morphologically and color defined luminosity functions. In
§5 we discuss the significance of our results, as well as com-
pare them to results from previous literature. In §6 we draw
conclusions and provide a summary of our findings.
For this work we adopt cosmological parameters from Ko-
matsu et al. (2011); H0 = 70.4 km s−1 Mpc−1, ΩM = 0.27, ΩΛ
= 0 and ΩA = 0.73. We also use two different sources of pho-
tometry, 2MASS Ks-band photometry, which uses Vega based
magnitudes, and NASA Sloan Atlas Petrosian u and r-band
photometry, which uses AB based magnitudes.
2. SAMPLE SELECTION
The datasets used for this work are from a variety of
sources. Near-infrared K-band photometry was sourced from
2MASS Extended Source Catalog Ks-band photometry (Jar-
rett et al. 2000). Redshifts were taken predominantly from
6dFGS (Jones et al. 2009), with others from CFA (Huchra
et al. 1999), revised ZCAT (Falco et al. 1999), RC3 galaxy
catalogue (de Vaucouleurs et al. 1991), Wegner et al. (2003)
as well as from the 2MASS Redshift Survey (Huchra et al.
2012). Morphological classifications were sourced from CFA
(Huchra et al. 1999), the RC3 galaxy catalogue (de Vau-
couleurs et al. 1991), PGC (Paturel et al. 2003), Wegner et al.
(2003), and 2MASS Redshift Survey (Huchra et al. 2012).
Redshift-independent distances were obtained from a number
of sources listed in Table 1, magnitudes used to determine
galaxy color were taken from the NASA-Sloan Atlas and dust
maps from Schlegel et al. (1998). The final numbers of galax-
ies taken from each of the above sources is listed in Table 2.
2.1. 2MASS Photometry
The basis of our galaxy sample is the 2MASS Extended
Source Catalog (Jarrett et al. 2000) and the photometry it pro-
vides. Photometry used is the 2MASS Ktot value, or a total
magnitude extrapolated from a fit to the galaxy’s radial pro-
file. We choose this over the standard 2MASS isophotal mag-
nitude as it is not truncated and is closer to the true luminosity
of the galaxies in the catalog. To maximize the completeness
of our sample, we impose a limit of Ktot ≤ 10.75. To pro-
duce a sample with low foreground extinction and high spec-
troscopic completeness, we excluded galaxies within 10◦ of
the Galactic Plane. To ensure that the sources we are select-
ing are galaxies, we select only objects with a 2MASS Object
Type of 1, a visual verification score indicating that the ob-
ject is a galaxy. We also exclude sources with a 2MASS XSC
confusion and contamination flag. Lastly, as some sources in
the 2MASS catalog are duplicates, we use the dup_src and
use_src parameters to select the best version of each source,
that is, the image that produces the most realistic total mag-
nitude and best represents the galaxy center. These selection
criteria result in a base sample of 14,170 galaxies with asso-
ciated K-band photometry.
To further ensure the quality of our sample, we compare
the isophotal magnitude and total magnitudes of our sample
galaxies to one another. Any galaxy with a magnitude dif-
ference of > 1 was visually inspected. These objects were
found to be large (tens of arcmin across in some cases), dif-
fuse nearby objects, such as IC 2574, NGC 4861 and NGC
4395. To correct for this, we include 26 K-band galaxy pho-
tometry measurements made by Engelbracht et al. (2008) that
better measure the photometry of these large objects.
3When comparing data from different catalogs, we some-
times find inconsistencies in the coordinates recorded for indi-
vidual galaxies (sometimes differences of tens of arcseconds).
This is usually in the case of very large galaxies, galaxies with
bright features close to their cores, or galaxies with irregu-
lar morphologies. This difference is also due in part to the
large range in vintage of the various catalogs and the variety
of methods used to determine the center of each galaxy. To
match recession velocities/distance estimates and morpholog-
ical classifications with as many of these galaxies as possible,
we use an algorithm that pairs galaxy coordinates to within
a varying radius. The positional errors for bright galaxies,
particularly from catalogs predating the year 2000, can have
large positional errors (see Cotton et al. 1999, on arcsec po-
sitions of UGC galaxies). To match objects from the different
catalogs, we use the smaller of a magnitude dependent match-
ing radius and the 2MASS XSC semi-major axis divided one
third. The magnitude dependent matching radius is 40′′ at
K = 4, dropping linearly with magnitude to 12′′ at K = 11.
2.2. Galaxy Redshifts
The bulk of our redshifts come from the 6dF Galaxy Sur-
vey (Southern Hemisphere; Jones et al. 2009), the CFA Red-
shift Survey (Northern Hemisphere; Huchra et al. 1999),
the revised ZCAT (Northern Hemisphere; Falco et al. 1999)
the RC3 galaxy catalog (whole sky; de Vaucouleurs et al.
1991), those provided by Wegner et al. (2003), as well as
data from the newly updated 2MASS Redshift Survey (whole
sky; Huchra et al. 2012). Our original sample consists of
13,599 galaxies with redshifts from one of the above men-
tioned sources. We manually inspect galaxies that have large
variations between different redshift measurements. We cor-
rect for this by selecting the best redshift for each galaxy
by favoring measurements taken by the 6dF and CFA red-
shift surveys which generally have higher signal-to-noise ratio
spectra (and more secure redshifts).
2.2.1. Correcting for Galaxy Peculiar Motions with
Redshift-Independent Distances and Flow Models
As our galaxies have z . 0.05, and are often members of
large clusters such as Virgo we need to contend with galaxy
peculiar motions. To account for this we have replaced re-
cession velocity distances wherever possible with redshift-
independent distances from the sources summarized in Table
1. The distance estimation methods are listed in order of our
selection preference. That is, if Fundamental Plane distances
are available, we select these preferentially. If not, and Tip
of the Red Giant Branch (TRGB) distances are available, we
select these, followed by Cepheid distances, as listed. We
find redshift-independent distances for 4,219 galaxies from
our sample.
For the remainder, we follow the method of Jones et al.
(2006) in applying field flow corrections from J. Huchra
for the Hubble Space Telescope Key Project (appendix A of
Mould et al. 2000) to their redshifts (§2.2). This model ac-
counts for the presence of the Virgo cluster, Shapley Super-
cluster and Great Attractor, modeling each cluster as a spheri-
cal mass concentration and building a linear flow field around
them. These are the major mass concentrations influencing
galaxy motions in our z < 0.05 volume. Thus, by using
redshift-independent distances when available, and flow cor-
rected redshifts when not, we are able to correct our entire
sample for peculiar velocities.
To avoid any issues associated with galaxies whose flow
corrected recession velocities are small enough to still be dis-
torted by peculiar velocities, and to avoid regions of extreme
galaxy over density, we impose a lower limit of luminosity
distance DL = 10 Mpc, and apply this limit using the best
available distance derived with the method discussed previ-
ously. Galaxies with TRGB distances are excluded from the
final sample as they all have distances of DL < 10 Mpc.
2.3. Morphological Classifications
As one of the aims of this project is to derive a galaxy lu-
minosity function as a function of simple late and early-type
morphology, we obtain morphological classifications for as
many of our sample galaxies as possible. To this end, we
utilize classifications from the RC3 catalog (de Vaucouleurs
et al. 1991), PGC catalog (Paturel et al. 2003), the CFA sur-
vey (Huchra et al. 1999), data published in Wegner et al.
(2003) and HYPERLEDA (many of which are taken from
the recently updated 2MASS Redshift Survey Huchra et al.
2012). As some of these sources use alphabetical classifica-
tion schemes, we convert all such data to the corresponding
revised numerical de Vaucouleurs T-type galaxy classification
scheme (de Vaucouleurs et al. 1991).
For the purposes of our final luminosity function, we set
a morphological cut-off such that early-type galaxies have
T ≤ −1 and that late-type galaxies have T > −1. The early-
type sample contains ellipticals (−7≤ T ≤ −4), and lenticulars
(−4< T ≤ −1) and the late-type contains spirals (−1< T ≤ 9)
and unclassified spirals (T = 20).
Any eyeball morphological classification scheme is bound
to have errors, so to verify that there are no major discrepan-
cies in galaxy classifications between different catalogs, we
compare each source with any other available source. We
find very good agreement, particularly between PGC, RC3
and HYPERLEDA. When we compare all catalogs, we find
that (at most) ∼6% of galaxies classified as late-type in one
catalog are classified as early-type in another. 13,509 (95%)
of our original 2MASS galaxy sample are matched with mor-
phological classifications.
As the majority of catalogs mentioned above have made
classifications using photographic plates, we have also tested
and confirmed the validity of these classifications against
modern, digital data-sets such as the SDSS. We compare our
best morphological classification against data from Galaxy-
Zoo (Lintott et al. 2011) and Nair & Abraham (2010). ∼29%
of galaxies in Nair & Abraham (2010) exactly match our best
morphology estimation,∼61% are within 1 δT and∼77% are
within 2 δT . We also find that only ∼ 11% of galaxies in our
sample are misclassified as late or early-types when compared
to GalaxyZoo and Nair & Abraham (2010).
2.4. Testing for Uniformity and Completeness
We test the uniformity of the sample with the V/VMAX
method (Schmidt 1968), where V is the survey volume be-
tween the galaxy and the observer, and VMAX is the maximum
volume the same galaxy could have been found, given the
magnitude limit of the survey. Thus, by finding the V/VMAX
for all of our galaxies individually and then averaging, we can
determine the uniformity across our sample. A score of 0.5
means a sample is consistent with being uniformly selected.
Our limit of Ktot ≤ 10.75 was chosen to achieve high spectro-
scopic and morphological completeness, and in Figure 2 we
show that this limit achieves an average V/VMAX of 0.51. For
4TABLE 1
REDSHIFT-INDEPENDENT DISTANCES
Distance Estimation Method Source
Fundamental Plane Blakeslee et al. (2002) ; (LEDA)
TRGB Dalcanton et al. (2009) ; Tully et al. (2006)
Cepheid Kanbur et al. (2003) ; Paturel et al. (2002) ; Freedman et al. (2001) ; Ngeow & Kanbur (2006) ; Macri et al. (2001)
SNIa Hicken et al. (2009) ; Kessler et al. (2009) ; Wood-Vasey et al. (2007) ; Kowalski et al. (2008)
Tully-Fisher Theureau et al. (2007) ; Springob et al. (2009) ; Willick et al. (1997) ; Tully et al. (2009) ; Russell (2005) ; (LEDA)
D-Σ Willick et al. (1997)
Surface Brightness Fluctuations Blakeslee et al. (2001) ; Tonry et al. (2001)
our luminosity functions, we also measured the V/VMAX val-
ues for each of our bins, and find that values are between 0.38
and 0.62 except for bins containing small numbers of galaxies
(< 7).
To verify the uniformity and sample completeness, we vi-
sually inspected all galaxies that did not have either a mor-
phological classification or a recorded redshift. We find that
the majority of these “galaxie" are in fact nebulae, planetary
nebulae or star clusters that have been erroneously identified
as galaxies in the 2MASS classification scheme. In addition,
there are several actual galaxies that either have central coor-
dinates that are vastly different from those of other catalogs,
or have bright internal features that have resulted in multiple
2MASS designations being recorded (e.g., IC 5052, IC 4362,
NGC 3347B). These objects are, in the case of the former, re-
moved from the catalog and in the latter, classified correctly
and left in the catalog.
As 2MASS is a relatively shallow survey, even for a bright
galaxy sample such as ours it is necessary to test for sur-
face brightness incompleteness. We plot 2MASS XSC Ktot
≤ 10.75 against 2MASS XSC K mean surface brightness for
all 2MASS galaxies in Figure 1. It appears that at fainter Ktot
magnitudes, 2MASS XSC begins to hit a surface brightness
limit of '19 mag arcsec−2 for galaxies slightly brighter (Ktot
' 10.5) than our limit of Ktot ≤ 10.75.
From Figure 1 we can see that most galaxy types in our
sample are not affected by surface brightness incompleteness.
However, some incompleteness is present, so we return to this
issue when exploring morphology and color-selected galaxy
samples in §3.6.
We also compared galaxy counts and parameters for a small
area of sky (100 square degrees) in both our master catalog
and in the UKIDSS DR9 (Lawrence et al. 2007) which probes
to much fainter magnitudes in K. We find that all 15 galax-
ies detected in 2MASS up to our faint limit of Ktot ≤ 10.75
are also found in UKIDSS. As UKIDSS K-band is generally
fainter than 2MASS’s Ktot (by an average of ' 0.6 magni-
tudes), we extend beyond this to UKIDSS K ≤ 11.75. For the
64 galaxies present in UKIDSS to this magnitude limit, and
in this patch of sky, all but 1 are found in 2MASS. The ex-
ception is ARK227, a faint K = 12.39 unidentified elliptical
galaxy which is identified by 2MASS as a point source, and is
thus not included in our initial sample. Fainter than our mag-
nitude cutoff, it is obvious that the number of galaxies con-
tained in UKIDSS will increase drastically when compared to
detections in 2MASS, however these objects are currently not
usable in our work as they do not have associated morpholog-
ical classifications.
Identical conclusions are found by McIntosh et al. (2006).
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FIG. 1.— A plot of 2MASS XSC Ktot against 2MASS XSC mean surface
brightness in K. Black points are all Ktot ≤ 10.75 galaxies and the contours
represent densities of 0, 5, 50, 500 and 5000 galaxies in the entire 2MASS
XSC sample. 2MASS XSC appears to hit a surface brightness limit of '19
mag arcsec−2 at Ktot magnitudes slightly brighter than our sample limit of
Ktot ≤ 10.75.
They show that for an SDSS MGS magnitude limited sam-
ple of r ≤ 15, a matched 2MASS XSC sample, limited to K
≤ 13.57, has 96.1% completeness. As our faintest sample
galaxy has a corresponding SDSS magnitude of r = 15, and
our extinction corrected faint limit for K is only 10.75, we
expect an even higher level of completeness.
For this magnitude limited sample, and with all erro-
neously classified objects either removed or correctly clas-
sified, 13,649 galaxies remain, and 13,489 have both asso-
ciated morphological and redshift data. Twenty have asso-
ciated morphological classifications but no redshift data, 99
have redshift data but no morphological classification and 41
have neither a morphological classification nor recorded red-
shift. Imposing our distance limit of DL = 10 Mpc further re-
duces the sample size to 13,325 galaxies, 7,685 of which are
late-type and 5,640 of which are early-type. Thus, this sample
has an overall completeness of 99% and does not need to un-
dergo completeness corrections. In addition, by limiting our
sample to brighter galaxies, we also increase the reliability
our morphological classifications.
Like all galaxy samples of large volumes of space, we
are affected by cosmic variance. Using the methodology of
Driver & Robotham (2010), we calculate that the cosmic vari-
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FIG. 2.— A histogram of galaxy counts against V/VMAX value. A good
completeness is represented by a similar galaxy count in each bin across the
full range of possible V/VMAX values, and a mean V/VMAX of 0.5.
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FIG. 3.— Distribution on the sky of the final galaxy sample for Ktot ≤ 10.75
There is some obvious structure (portions of large clusters such as Virgo
are included in our redshift range) but overall galaxies are evenly distributed
across the sky.
ance of this sample will be of order 6%. We expect this to
dominate over the Poisson uncertainties for our luminosity
functions. Figure 3 shows the distribution on the sky for the
new magnitude limited sample.
2.5. Final Galaxy Sample
Our final sample, limited to Ktot ≤ 10.75, is comprised
of 13,325 galaxies with both redshift or redshift-independent
distance estimates and morphological classifications. The
sample distribution has some obvious structure, which is seen
for both early and late-type galaxies, but there is no evidence
of sample incompleteness. In Table 2 we show the final counts
for data taken from the sources previously discussed in §1,
for our magnitude limit of Ktot ≤ 10.75 (discussed in §3).
Sources and distance determination methods, sources of mor-
phological classification and sources of redshifts are listed in
order of selection preference.
TABLE 2
FULL DATA SET
Data Source Ktot ≤ 10.75 Counts
Redshifts
6dFGS 4286
CFA 564
ZCAT 2898
Wegner et al. (2003) 19
RC3 58
RC3 (V21) 20
2MRS 1261
Redshift-Independent Distances
Fundamental Plane 151
Cepheid-based 3
SNIa-based 94
Tully Fisher 3847
D-Σ method 76
Surface Brightness Fluctuation 48
Morphological Classifications
PGC 10226
RC3 455
Wegner et al. (2003) 24
CFA 39
HYPERLEDA 2581
Total 13325
3. LUMINOSITY FUNCTION
We determined the K-band luminosity function using the
non-parametric 1/VMAX method (Schmidt 1968) and by fit-
ting Schechter functions (Schechter 1976) to our sample using
the maximum likelihood method (e.g., Marshall et al. 1983).
We choose not to use either of the stepwise maximum likeli-
hood (SWML) method of Efstathiou et al. (1988) or the STY
methods of Sandage et al. (1979) as neither offers an indepen-
dent normalization in the way that the maximum-likelihood
method does.
In order to derive a luminosity function using either of the
above discussed methods, we determine absolute magnitudes
using
MK = Ktot − 5 log
(
DL
10pc
)
− K(z) − AK (1)
where Ktot is our apparent K magnitude, DL is the luminos-
ity distance for each galaxy, K(z) is our K-correction and AK
is a term for Galactic extinction. For calculations of DL we
preferentially use redshift-independent distances if available,
otherwise we use available redshifts. To calculate extinction,
we use data from Schlegel et al. (1998) dust maps. As our
photometric sample and that of Jones et al. (2006) are both
taken from 2MASS and contain many of the same objects, we
do not include any corrections for magnitude errors as these
6TABLE 3
COLOR DEPENDENT K-CORRECTION VALUES
z Color dependent k-corrections
0.01 − 0.049 (H - Ks) + 0.039
0.02 − 0.104 (H - Ks) +0.076
0.03 − 0.157 (H - Ks) +0.112
0.04 − 0.208 (H - Ks) +0.149
0.05 − 0.257 (H - Ks) +0.187
0.06 − 0.304 (H - Ks) +0.226
0.07 − 0.352 (H - Ks) +0.267
were found to be negligible for the 2MASS sample in that
paper.
We determined k-corrections by fitting straight lines to the
relationship between absolute and apparent K-band magni-
tudes as a function of observed H −K color and redshift. This
relationship was determined using 129 galaxy spectral energy
distributions from Brown et al. (2014). As these k-corrections
are a weak function of H −K color and an almost linear func-
tion of redshift (k(z) ∼ 4z−5(H−K)z at z< 0.05), we approx-
imate the K-band k-correction with k(z) equal to the values in
Table 3 by interpolating between values of z to match to val-
ues for each individual galaxy.
3.1. 1/VMAX Method
To calculate the galaxy luminosity function Φ, we bin our
data by absolute magnitude. We calculate the maximum vol-
ume, VMAX, at which the galaxies in each bin can reside by
using the the magnitude limits for bins and apparent magni-
tude limit for the sample. We then take galaxy number counts
for each bin N and divide by VMAX to obtain a number den-
sity. We use a bin size of 0.25 mag as any size smaller than
this is not found to alter the shape of the final luminosity func-
tion. The derived full sample K-band luminosity function is
presented in Figure 4 and functions, separated into late and
early-type galaxies can be seen in Figure 5. Uncertainties in
Φ are Poisson in nature and are derived using the methodol-
ogy outlined in Gehrels (1986). We note that uncertainties
only exceed the expected level of cosmic variance for bins
with very small galaxy numbers. Individual data points that
make up the 1/VMAX functions are provided in Table 4. We
provide Φ values scaled for over and under-densities, which
we discuss in more detail in §3.3 Comparisons between these
functions and others from the literature will be discussed in
§4.3.
3.2. Modelling the Luminosity Function
We fit Schechter functions to our sample using the maxi-
mum likelihood method described by Marshall et al. (1983).
This particular form of the method works as follows. If we
take our sample of galaxies, which have redshift defined vol-
umes and magnitudes, we can calculate the volume within
which these galaxies should reside. If we then break the vol-
ume up into portions defined by dM (magnitude range) and
dV (volume range), which are small enough to only contain 1
or no galaxies, we can use Poisson statistics to determine the
probability of each “box” containing either 1 or 0 galaxies.
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FIG. 4.— 1/VMAX K-band luminosity function for the total galaxy sample.
The faint end of our function is very similar in shape to previous literature,
however, some difference is noted at the bright end. This end of the function
sits in line with that of Jones et al. (2006) and Bell et al. (2003b), but is
considerably higher and brighter than that of Kochanek et al. (2001), Cole
et al. (2001) and Devereux et al. (2009).
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FIG. 5.— 1/VMAX K-band luminosity functions for the early and late-type
galaxy samples. The shapes of our early and late-type luminosity functions
differ from those of Kochanek et al. (2001). Notably, the bright end of both
the early and late-type functions from Kochanek et al. (2001) are much lower,
as can be expected from the comparison seen in Figure 4. Though the pre-
sented functions data points are similar in shape beyond the bright end, nei-
ther of the early-type functions appear to have a faint end slope with a strong
turnover. If morphological type was truly a good proxy for color, we would
expect an obvious downward slope at the faint end of these curves.
This is represented by the likelihood equation
L =
N
∏
i
[λ(Vi,Mi)dV dM exp−λ(Vi,Mi)dV dM]∏
j
exp−λ(V j ,M j)dV dM
(2)
the first product relating to boxes containing galaxies
and the second for empty boxes. λ(V,M)dV dM =
ρ(V,M)Ω(V,M)dV dM is the expected number of galaxies
contained in dVdM. Index j relates to boxes where no galaxies
are found.
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1/VMAX METHOD VALUES (SCALED FOR OVER-DENSITY)
Total Early-Type Late-Type
Mk − 5 log10(h) log10 (Φ) N Mk − 5 log10(h) log10 (Φ) N Mk − 5 log10(h) log10 (Φ) N
(h3 Mpc−3 mag−1) (Galaxy) (h3 Mpc−3 mag−1) (Galaxy) (h3 Mpc−3 mag−1) (Galaxy)
-26.875 -6.52 +0.37−0.47 2 -26.875 -6.50
+0.37
−0.47 2
-26.625 -6.52 +0.37−0.47 2 -26.625 -6.82
+0.52
−0.87 1 -26.625 -6.80
+0.52
−0.87 1
-26.375 -5.64 +0.12−0.13 15 -26.375 -5.74
+0.14
−0.15 12 -26.375 -6.32
+0.30
−0.35 3
-26.125 -5.12 +0.07−0.07 50 -26.125 -5.18
+0.07
−0.07 44 -26.125 -6.02
+0.20
−0.22 6
-25.875 -4.85 +0.05−0.05 93 -25.875 -4.92
+0.05
−0.05 79 -25.875 -5.65
+0.13
−0.13 14
-25.625 -4.43 +0.03−0.03 179 -25.625 -4.50
+0.04
−0.04 153 -25.625 -5.27
+0.09
−0.09 26
-25.375 -4.02 +0.02−0.02 336 -25.375 -4.13
+0.03
−0.03 260 -25.375 -4.66
+0.05
−0.05 76
-25.125 -3.71 +0.02−0.02 495 -25.125 -3.85
+0.02
−0.02 354 -25.125 -4.25
+0.04
−0.04 141
-24.875 -3.39 +0.02−0.02 733 -24.875 -3.59
+0.02
−0.02 468 -24.875 -3.83
+0.03
−0.03 265
-24.625 -3.11 +0.01−0.01 1003 -24.625 -3.34
+0.02
−0.02 593 -24.625 -3.50
+0.02
−0.02 410
-24.375 -2.87 +0.01−0.01 1264 -24.375 -3.15
+0.02
−0.02 660 -24.375 -3.19
+0.02
−0.02 604
-24.125 -2.71 +0.01−0.01 1284 -24.125 -3.09
+0.02
−0.02 544 -24.125 -2.95
+0.02
−0.02 740
-23.875 -2.53 +0.01−0.01 1380 -23.875 -2.94
+0.02
−0.02 537 -23.875 -2.75
+0.02
−0.02 843
-23.625 -2.41 +0.01−0.01 1224 -23.625 -2.86
+0.02
−0.02 440 -23.625 -2.61
+0.02
−0.02 784
-23.375 -2.29 +0.01−0.01 1179 -23.375 -2.77
+0.02
−0.02 391 -23.375 -2.47
+0.02
−0.02 788
-23.125 -2.24 +0.01−0.01 989 -23.125 -2.73
+0.02
−0.02 321 -23.125 -2.41
+0.02
−0.02 668
-22.875 -2.14 +0.01−0.01 875 -22.875 -2.67
+0.03
−0.03 260 -22.875 -2.30
+0.02
−0.02 615
-22.625 -2.14 +0.02−0.02 580 -22.625 -2.68
+0.03
−0.04 166 -22.625 -2.28
+0.02
−0.02 414
-22.375 -2.12 +0.02−0.02 417 -22.375 -2.78
+0.05
−0.05 92 -22.375 -2.23
+0.02
−0.02 325
-22.125 -2.13 +0.03−0.03 299 -22.125 -2.81
+0.06
−0.06 62 -22.125 -2.23
+0.03
−0.03 237
-21.875 -2.10 +0.03−0.03 234 -21.875 -2.77
+0.06
−0.07 51 -21.875 -2.21
+0.03
−0.03 183
-21.625 -2.09 +0.03−0.03 177 -21.625 -2.94
+0.09
−0.10 25 -21.625 -2.16
+0.04
−0.04 152
-21.375 -2.04 +0.04−0.04 150 -21.375 -2.68
+0.08
−0.08 35 -21.375 -2.16
+0.04
−0.04 115
-21.125 -2.10 +0.04−0.04 103 -21.125 -2.73
+0.10
−0.10 24 -21.125 -2.22
+0.05
−0.05 79
-20.875 -2.09 +0.05−0.05 82 -20.875 -2.74
+0.11
−0.11 19 -20.875 -2.21
+0.06
−0.06 63
-20.625 -2.06 +0.06−0.06 69 -20.625 -2.78
+0.13
−0.14 13 -20.625 -2.15
+0.06
−0.06 56
-20.375 -2.18 +0.08−0.08 37 -20.375 -2.80
+0.16
−0.17 9 -20.375 -2.30
+0.09
−0.09 28
-20.125 -2.13 +0.09−0.09 29 -20.125 -2.89
+0.23
−0.25 5 -20.125 -2.21
+0.10
−0.10 24
-19.875 -2.05 +0.10−0.10 23 -19.875 -2.41
+0.15
−0.16 10 -19.875 -2.31
+0.13
−0.14 13
-19.625 -2.13 +0.14−0.15 12 -19.625 -2.42
+0.20
−0.22 6 -19.625 -2.44
+0.20
−0.22 6
-19.375 -2.24 +0.20−0.22 6 -19.375 -2.39
+0.25
−0.29 4 -19.375 -2.76
+0.37
−0.47 2
-19.125 -2.63 +0.52−0.87 1 -19.125 -2.64
+0.52
−0.87 1
-18.875 -2.04 +0.30−0.35 3 -18.875 -2.24
+0.37
−0.47 2 -18.875 -2.48
+0.52
−0.87 1
Next, rather than taking all of our probabilities and mul-
tiplying them together to find the best fit, if the likelihood
S = −2ln(L), we effectively transform all of our products into
sums and we find that
S = −2
N
∑
i
ln[ρ(Vi,Mi)]+2
∫∫
ρ(V,M)Ω(V,M)dV dM (3)
To obtain the best parameters for our fit, we find the minimum
of S. This method is convenient as it closely relates to least-
squares fitting.
The Schechter function that the maximum-likelihood
method fits to the galaxy distribution is of the form
Φ(M)dM =
(0.4 ln 10)Φ∗ 100.4(α+1)(M∗ −M)
exp(100.4(M∗ −M))
dM (4)
The term Φ(M)dM is the space density of galaxies be-
tween magnitudes M and M + dM. The parameters M∗, Φ∗
and α shape the function and are the 3 parameters that the
maximum-likelihood method will have to fit. M∗ is the mag-
nitude of an average galaxy, Φ∗ is the average space density
of galaxies and α is a term that defines the slope of the faint
end of the LF.
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FIG. 6.— 1/VMAX K-band luminosity function for the total galaxy sample
with best maximum-likelihood Schechter function fit. The function is well
fitted by the Schechter form at the faint end, bar the faintest points, but does
not fit well at the bright end. Parameter fit values are displayed in Table 6.
A simple method for determining the uncertainties of the
ML fit would have been to observe the difference between
best fit parameters and fit parameters at S + 1. This was tested
and was found to produce smaller than expected uncertainties
as this method does not account for large scale structure in the
sample and will be dominated by cosmic variance.
Instead, we use a Jackknife approximation (e.g., Quenouille
1956; Efron 1982) to model the impact of cosmic variance
on the errors. By dividing the sky into 20 equally sized
regions, we run our maximum likelihood fitting algorithm
for the entire sky, minus each subsample separately. Each
jackknife replication results in a slightly different value for
Φ(M∗i ,Φ∗i ,αi) that is calculated using the maximum likeli-
hood method described in §4.1. We then observe the differ-
ences between each jackknife run. The new fit parameter will
be the mean of the mean of Φ(M∗i ,Φ∗i ,αi) for all runs and er-
rors will be determined using the standard errors of this mean.
The fits made to the galaxy luminosity distribution can be
seen in Figures 6 and 7 (total and late/early-type fits respec-
tively). Fits are over-plotted on the 1/VMAX functions. As
can be seen, the luminosity functions are generally well fitted
by the Schechter form at the faint end but underestimate the
function at the bright end. This was also noted by Jones et al.
(2006) and can be explained by two separate problems. The
first is that it is impossible to get the Schechter function to
turn over at the knee of the luminosity function as sharply as
the real galaxy distribution does. This is simply a limitation
of the exponential-power law combination of the Schechter
form. The second problem is that the most massive galaxies
(such as BCGs and massive spirals) appear as a toe at the end
of the bright end. Obviously a function like the Schechter can
not accommodate upturns like this either. In the case of the
late-type function, the Schechter form also slightly overesti-
mates the function at the far faint end. Parameters for these
fits are displayed in Table 6.
3.3. Accounting for Over/Under-Densities in the Sample
In Figure 8 we plot a measure of the over-density of the
most luminous galaxies in our sample as a function of lumi-
nosity density. For our faintest bins and smallest volumes,
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FIG. 7.— 1/VMAX K-band luminosity functions for early and late-type
galaxy samples with best maximum-likelihood Schechter function fits. In
this case the Schechter form fits the early-type function extremely well, how-
ever, it deviates considerably from the bright end of the late-type function.
See Table 6 for parameter fit values.
it is likely that our sample will be systematically over-dense
or under-dense relative to the low redshift Universe. To cor-
rect for this, we assume that the largest volume measured by
our sample is a representative volume, and then measure how
the density of bright galaxies varies from this for smaller vol-
umes. As the number of bright galaxies decreases as we move
to smaller volumes, we use progressively fainter galaxies to
measure the over-density for the smallest volumes used to
measure the luminosity functions. We calculate over-densities
for our total sample, early-type as well as late-type samples.
There is little difference noted between the early and late-type
over-densities at corresponding values of DL so we apply the
total sample scaling values to all other samples. Our cor-
rections make use of galaxies with magnitudes of 'M* and
dimmer, which are not strongly biased relative to the overall
galaxy population.
To then apply this to the luminosity function (1/VMAX
and maximum-likelihood methods), we calculate the absolute
magnitude values corresponding to each luminosity distance
at which we have calculated over-densities. This factor is then
applied to the appropriate Φ values to scale the LF. Figure
9 demonstrates an example of this applied to the luminosity
function of the total sample. This method is similar, but not
identical to that used by Baldry et al. (2012). Note that all
luminosity functions displayed from this point onwards will
have the above discussed density correction applied.
3.4. Effects of Varying T-Type Cut-Off Value for
Late-Type/Early-Type Classification
When applying morphological classifications to galaxies,
there will always be some fraction of galaxies that are mis-
classified. This is very true for the case of S0 galaxies, e.g.,
a disk-like galaxy with no discernible star-forming regions
could be an S0 or a spiral, or alternatively, a featureless ellipti-
cal galaxy could also be an S0 at low inclination. To validate
our choice of a late-type/early-type boundary at T = -1, we
have made new late-type and early-type luminosity functions
with the boundary value set to T = 0 and T = -2. By perform-
ing a maximum likelihood fit to these new functions, we can
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FIG. 8.— A plot of over-density of bright galaxies in the total sample as a
function of DL. The over-density was determined by comparing the density of
very luminous galaxies within a given distance and volume with the density
of comparable galaxies over the entire survey. As the space density of very
luminous galaxies is small, we used progressively fainter galaxies for smaller
distances and volumes. The plot shows a significant over-density of ∼ 1.5 at
small DL in the local Universe, and considerably higher below our limit of DL
= 10 Mpc. There are several clusters at DL ' 20 Mpc that could account for
the observed rise in density (e.g. the Virgo Southern Extension, the Fornax
Cluster, the Fornax Wall).
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FIG. 9.— The total galaxy sample LF with density corrections applied. Note
the change to the shape of the function, particularly at the faint end. Applying
this correction slightly lowers the faint end of the function.
determine whether this change significantly alters the shape
of the functions. The resulting fit parameters are presented in
Table 5.
Though the overall shape of the fits do not change signifi-
cantly, it is obvious that moving the early-type and late-type
cutoff value up and down by 1 changes some parameters more
than others. The largest difference between all fits is in the
Φ∗ parameter, with some change in α and nearly no change
for the M∗ parameter which seems relatively insensitive to
the change in T-type cutoff. From T = -2 to T = -1, for the
late-type sample, Φ∗ remains the same, α r M∗ changing by
TABLE 5
MAXIMUM LIKELIHOOD FIT PARAMETERS FOR VARYING T-TYPE
CUT-OFF
sample objects M∗ − 5 log10(h) α log10(Φ∗)
(mag) (h3 Mpc−3 mag−1)
T > -2 7,857 -23.50 ± 0.07 -1.13 ± 0.09 -2.13 ± 0.04
T ≤ -2 5,468 -24.04 ± 0.06 -1.03 ± 0.10 -2.60 ± 0.05
T > -1 7,685 -23.49 ± 0.06 -1.13 ± 0.10 -2.13 ± 0.04
T ≤ -1 5,640 -24.03 ± 0.06 -1.02 ± 0.10 -2.58 ± 0.05
T > 0 6,429 -23.46 ± 0.07 -1.14 ± 0.10 -2.19 ± 0.04
T ≤ 0 6,854 -24.00 ± 0.06 -1.08 ± 0.10 -2.48 ± 0.05
0.01 magnitudes. Alternatively, for the early-type sample, Φ∗
changes by 5%, α changes by 0.01 and M∗ by 0.01 magni-
tudes. The largest change is seen in the T = 0 functions,
with an 15% change from the original Φ∗ value, a differ-
ence of 0.01 between α values and 0.03 magnitudes from M∗
for the late-type sample and a 31% change from the original
Φ∗ value, 0.06 from α and 0.03 magnitudes from M∗ for the
early-type sample.
The large change in Φ∗ between the T = 0 and T = -1 fits
is expected and is simply a reflection of the fact that '8% of
galaxies in the total sample have a T-type of 0. As the M∗ and
α parameters remain virtually unchanged, the overall shape
of the fits to the luminosity functions also remain relatively
similar.
3.5. Galaxy Colors
As an aim of this paper is to demonstrate that the differ-
ence in shape between morphology-defined luminosity func-
tions and color-defined luminosity functions can be explained
by the presence of a large population of red spirals, we in-
vestigate the optical blue/red color distribution of galaxies in
our sample using NASA Sloan Atlas u and r-band Petrosian
flux photometry. From our total sample, 5,417 galaxies have
NASA Sloan Atlas counterparts, 3,155 of which are late-type
and 2,262 of which are early-type.
Unlike the Petrosian fluxes in the original SDSS galaxy
catalog, the radius for the fits for each galaxy in the NASA
Sloan Atlas does not differ between bands, rather, the radius
for the Petrosian fit to a given galaxy is initially fixed for the
r-band and then used for all other fits in subsequent bands.
This makes Petrosian magnitudes a far better choice for de-
termining color than was previously the case. While pho-
tographic photometry from SuperCOSMOS (Hambly et al.
2001a,b) was examined for galaxies outside the SDSS area, it
had insufficient accuracy to reliably differentiate optically red
and blue galaxies. In the case of NASA Sloan Atlas, using
Petrosian photometry from g and r filters to determine galaxy
color is more difficult as separation between optically blue
and red galaxies is less obvious, and it is once again too diffi-
cult to easily differentiate between these two populations us-
ing a simple color cut. As the u and r filters are significantly
separated in wavelength they provide a better indication of
color.
Our choice of u-r color over g-r color is also justified by
comparing galaxies with and without Hα emission in the
Brown et al. (2014) sample. We find that when using matched
aperture photometry of bright galaxies, u-r is more effective
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than g-r for selecting galaxies with and without Hα emission.
Particular examples of galaxies from Brown et al. (2014) with
Hα emission and red g-r colours are NGC 3351, NGC 7591
and NGC 7771, all of which are identified as blue using the
u-r color cut in this paper.
We use the Petrosian fluxes rather than the Sersic fluxes
from the NASA Sloan Atlas as we have found that the Sersic
fluxes tend to attribute too much light to the bulges of galax-
ies, causing some blue galaxies with bright red bulges to have
a color redder than the Petrosian photometry and at odds with
visual inspections. An illustrative example is the photometry
of spiral (T = 4) NGC 0151, where the Sersic and Petrosian u-r
colors are 2.57 and 1.77 respectively. The Sersic fit photom-
etry is consistent with a red sequence galaxy, but this galaxy
has nebular emission lines and a blue star forming disk. This
point is further demonstrated by studying NASA Sloan Atlas
Sersic indices vs. T-type morphological classifications. There
are a number of early-type galaxies with low Sersic indices
and late-type galaxies with high Sersic indices. Respectively,
these galaxies are generally large, diffuse red objects and blue
spirals with large red bulges and diffuse blue disks. We might
expect to see examples of blue pseudo-bulges in the popula-
tion of early-types with low Sersic indices but we do not.
We opt for a simple red/blue color cut of,
u− r = −0.05 MK −5log10(h) +1.1 (5)
with a slope defined by the shape of the red sequence. As an
alternative, we also tested the u-r color cut defined in Baldry
et al. (2004) on our data. No color cut is perfect, but we find
that upon visual inspection of the red galaxy populations re-
sulting from both cuts, there are a larger number of galaxies
with blue, star forming, disks included in the case of Baldry
et al. (2004) ('3% for our cut as apposed to '9% for the
Baldry et al. (2004) cut).
A color-magnitude diagram for the NASA Sloan Atlas sub-
sample is displayed in Figure 10 with the above mentioned
simple red/blue color cut. Color values are plotted against our
calculated K-band magnitudes to provide a better comparison
with our derived luminosity functions. As can be seen in Fig-
ure 10, most lenticular and elliptical galaxies reside above the
color cut line, however, a large fraction of spirals, between K-
band magnitude range of -23 < MK < -26 also sit above this
line.
To confirm this observation, in Figure 11 we show the frac-
tion of red spiral galaxies to all spiral galaxies against K-band
absolute magnitudes, accompanied by plots of galaxy num-
ber counts against K-band magnitudes. This shows us that
at brighter K-band absolute magnitudes, '50% of spirals are
red rather than blue. It is also important to note that, even
though these galaxies have comparable magnitudes, the red
spirals will have slightly higher stellar masses due to their
older stellar populations (Bell et al. 2003b, shows that, for
galaxies with the same K-band absolute magnitude and u-r
colors of 3 and 1, K-band M/L will only differ by '0.3 mag).
As luminosity decreases, the fraction of red to blue spirals de-
creases but even at the faint end of our distribution, ∼20% of
the overall spiral population are still red.
To account for the possibility of inclination affecting the
colors of our galaxy sample, we plot axis ratios, taken from
2MASS K-band data. If all of our spirals were highly in-
clined, this would naturally make them appear redder in color,
though, as can be seen in Figure 12, there is a trend towards
higher inclinations but this is not the case for the entire red
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FIG. 10.— Color-Magnitude for NASA Sloan Atlas Petrosian u-r colors for
all galaxy types. We have applied a simple sloping color cut for this data
set to better fit the shape of the red-sequence. A large number of late-type
galaxies can be seen to sit above the cut-off and are thus classified as red.
spiral population.
To further investigate the effects of dust reddening on our
sample, and on the relationship between stellar mass and red
spiral fraction, we use the same inclination limits as Masters
et al. (2010) and examine only face-on spiral galaxies with
a 2MASS axis-ratio b/a > 0.6. Figure 13 shows the results
of this. This subsample is considerably smaller than the full
spiral sample but still shows the same upward trend in fraction
of red/total spirals with increasing stellar mass, though it is
less extreme than in the case of the inclination independent
sample. This trend was also noted by Masters et al. (2010)
and is comparable in magnitude to these results.
Lastly, by visually inspecting the NASA Sloan Atlas galax-
ies in our sample, we verify that they appear predominantly
red in color and are not dust contaminated blue spirals or
misclassified early-types. A random selection of red spiral
galaxies is shown in Figure 14. Most appear disk-like and
possess some kind of internal structure. Some appear to have
star forming regions, however their overall color is still red.
The galaxy in the middle panel highlights the caution which
must be exercised in relation to simple eyeball classification
of galaxies. This galaxy is classified as late-type (T = 0) in
PGC, but as early-type (T = -1) in RC3 and 2MRS. The ob-
ject has a NASA Sloan Atlas Sersic index of 4.2, which is
characteristic of an early-type galaxy. This is an example of a
case where a galaxy on the border between early and late-type
has been placed in one category by the morphology source se-
lection hierarchy of this paper, but may intrinsically be some
kind of intermediate case.
If we change the selection hierarchy so that RC3 morpholo-
gies are selected in preference to PGC morphologies, we find
that '3% of galaxies are shifted to the early-type population.
The overall shape of the early-type and late-type LFs is un-
affected and the trend showing an increase in fraction of red
spirals with increasing stellar mass remains the same. We also
test a scenario where we take the average of all available T-
types for each galaxy. In this case, '1.5% of galaxies move
from the late-type population to the early-type population, and
we again note no discernible difference in the resulting lumi-
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FIG. 11.— Fraction of red to total spiral population (left), and galaxy number counts (right) as a function of absolute K magnitude for NASA Sloan Atlas u-r
colors. These plots show the increase in the fraction of red spirals to blue spirals in the overall spiral population with increasing stellar mass and absolute K
magnitude.
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FIG. 12.— Axis ratio comparison for red/blue spirals. There is a slight
bias for red spirals to be edge-on, but this does not explain the distribution of
galaxy colors.
nosity functions or the properties of the red spiral population.
3.6. Red/Blue K-band Spiral Galaxy Luminosity Function
and Possible Surface Brightness Incompleteness
In Figure 15 we plot luminosity functions, with maximum
likelihood fitted Schechter functions for the red and blue spi-
ral populations from the NASA Sloan Atlas, as defined in
§3.5. The resulting blue spiral luminosity function has a faint
end slope defined by an α value of -1.21. The red spiral lu-
minosity function has a considerably different shape, with an
obvious turnover and power-law index defined by an α value
of -0.69.
In Figure 16 we provide color selected luminosity func-
tions, with the blue sample comprising blue late-type galaxies
and the red sample comprising of red early-type and red late-
type galaxies (we assume blue early-type galaxies are negligi-
ble). When comparing this to our original late and early-type
functions, we see red/early-type function dominate the overall
LF even more at the bright end. The faint end slopes of both
functions are largely unchanged, however the faint end of the
red plus early-type function can be seen to be slightly flatter
(α = -0.87) than our original early-type luminosity function
(α = -1.00).
To further investigate the possible effects of low surface
brightness incompleteness on our sample, particularly as a
function of color, in Figure 17 we plot 2MASS XSC mean
surface brightness against MK for our total sample, red sam-
ple and blue sample. In Figure 1, we indicated that our data
was beginning to push up against a surface brightness limit of
'19 mag arcsec−2 at our survey limit of Ktot ≤ 10.75. This
is slightly more obvious when we plot as a function of MK ,
where galaxies with MK > -21 in our blue sample again be-
ginning pushing up against this surface brightness limit.
Figures 15 and 16 illustrate that the Schechter form fits the
faint end of the blue late-type function poorly, and this may
be due to our surface brightness limits. To investigate this
we fitted a Schechter function to the blue spiral subsample
galaxies with MK < 21. For the density scaled fit, limiting the
function to brighter absolute magnitude steepens the faint end
slope from α = -1.21 to α = -1.28.
3.7. Comparison with Literature Luminosity Functions
Maximum likelihood fit parameters for this paper as well as
a number of previous LF papers are provided in Table 6. For
our early-type and late-type luminosity functions, we com-
pare only to Kochanek et al. (2001) as their methodology and
selection criteria are the most similar to ours. Though Bell
et al. (2003b) also select for morphology, they use concentra-
tion indexes rather than eyeball morphologies, which are not
directly comparable.
Though the different functions agree to an extent, there are
obvious differences, notably at the bright end of the LF. This
is demonstrated in Figure 18, where we plot the Schechter
functions from past literature, divided by the Schechter func-
tions from this paper. It can be seen from Figure 18 that
Schechter function fits that look good on log-log plots can
have discrepancies of tens of percent relative to 1/VMAX lu-
minosity functions (and this is also seen in Figure 10 of Jones
et al. 2006).
The best agreement is with the work of Jones et al. (2006),
however this is to be expected as there is much overlap in the
data used to produce both luminosity functions. One differ-
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FIG. 13.— Fraction of red to total spiral population (left), and galaxy number counts (right) for spirals with 2MASS axis ratio b/a> 0.6. Both are a function of
absolute K magnitude for NASA Sloan Atlas u-r colors. Fits and uncertainties are calculated as in Figure 11. This plot shows a similar but less extreme upward
trend for red/total fraction with increasing stellar mass.
ence of note is the smoothness of the faint end of this func-
tion when compared to the others. This is due to the use of
redshift-independent distances as well as flow corrected red-
shift derived distances in this project, rather than just the lat-
ter. The density correction made to the functions smooths the
faint end even more. In terms of differences to studies other
than Jones et al. (2006), there are a number of factors that
could account for these.
We expect differences between luminosity functions calcu-
lated using different types of photometry. For example, our
luminosity functions will be systematically offset from lumi-
nosity functions that were calculated using 2MASS isophotal
photometry (eg. Devereux et al. 2009). The difference be-
tween isophotal and (brighter) total magnitudes is a function
of surface brightness, with the two sets of magnitudes being
offset by 0.2 magnitudes or less for galaxies with a mean sur-
face brightness of µK < 18.5 (Jones et al. 2004). We also
see offsets between our function and the other functions we
compare to due to their choice of different photometry. While
we and Jones et al. (2006) use total magnitudes, Bell et al.
(2003b) and Cole et al. (2001) used Kron magnitudes, Dev-
ereux et al. (2009) used isophotal magnitudes, and Kochanek
et al. (2001) used isophotal magnitudes with a correction to
approximate total magnitudes.
Differences can also be attributed to the use of small galaxy
sample sizes resulting in poor estimates of spatial density due
to higher density in large scale structure. Compared to our
sample size of 13,325 galaxies, Kochanek et al. (2001) had a
much smaller sample of 3,878 galaxies, and Devereux et al.
(2009) had an even smaller sample of 1,345 galaxies. Bell
et al. (2003b) and Cole et al. (2001) had sample sizes of 6,282
and 5,683 respectively, though both pushed to far fainter ap-
parent magnitudes. Jones et al. (2006) did not measure the lu-
minosity functions of morphology-selected galaxies, and had
a K-band magnitude limit of 12.75, so their sample of 60,869
galaxies is far larger than the others discussed here. Difficul-
ties in obtaining accurate distances to objects due to galaxy
peculiar motions would also result in incorrectly calculated
absolute magnitudes. Though Jones et al. (2006), Kochanek
et al. (2001) and Devereux et al. (2009) have all made flow
corrections for their galaxy samples, only Devereux et al.
(2009) also combined this with redshift-independent distance
estimates. As we showed in Figure 5, the redshift limits im-
posed by each group affect the range of luminosities covered
by each corresponding luminosity function. As Kochanek
et al. (2001) has a sample limited to cz > 2,000 km s−1,
their sample does not extend to the faint absolute magnitudes
that our sample does. Devereux et al. (2009) has a limit of
cz ≤ 3,000 km s−1 and thus has less bright galaxies.
As illustrated by Figures 4 and 18, the bright end of the
Kochanek et al. (2001) luminosity functions are considerably
lower than our luminosity functions. The Schechter function
fits to both the early-type and late-type functions of Kochanek
et al. (2001) have less negative α values, though the data
points alone do not make this entirely obvious. Furthermore,
the power law index of their early-type function is more neg-
ative than their late-type function, which is the opposite of
what we see. If morphological type was truly a good proxy
for color, we would expect an obvious downward slope at the
faint end of the early-type curves and a steeper faint end slope
for the late-type function. If we apply our density correction
to our luminosity function, the changes are very slight. The
points at the faint end of all functions are slightly lowered by
the density correction, and this is most significantly reflected
in the change to α in all cases.
4. DISCUSSION
The presence of a large population of red spirals in our sam-
ple, at face value, presents a simple solution to the observed
difference in shape between color and morphology-selected
luminosity functions. By moving the red spiral population
into our early-type sample, we would expect the shape of the
resulting function to change. The most noticeable changes are
in the bright/high mass end of the function where most of the
red spirals reside. The faint end changes from a value of α =
-1.0 ± 0.09 to a value of α = -0.87 ± 0.18, which is in good
agreement with the value of -0.83 ± 0.2 for α from Baldry
et al. (2004).
While we can reproduce the faint end slope of the local
galaxy luminosity function, we still cannot replicate the steep
faint end slope of'-0.5 seen in red sequence luminosity func-
tions at higher z (e.g., Brown et al. 2007; Bell et al. 2004) but
it is possible that this is due to selection effects which are only
apparent at z larger than our sample limits. Studies of evolv-
ing red galaxy luminosity functions have been made in the
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FIG. 14.— A selection of red spiral galaxies from the NASA Sloan Atlas. A mixture of sizes, and inclinations are represented, however, most appear to be
disk-like, with spiral structure and a predominantly red color. Of note is the galaxy in the middle panel. This galaxy is classified as late-type (T = 0) in PGC, but
as early-type (T = -1) in RC3 and 2MRS. This is an example of a case where a galaxy on the border between early and late-type has been misclassified by the
morphology source hierarchy of this paper. Also of note is the galaxy in the bottom right panel, which is classified as a late-type but appears to be the remnant of
a minor merger/accretion. It could be argued that, in a traditional classification scheme, this is a misclassified early-type.
past (Bell et al. 2004; Brown et al. 2007), however, studies of
evolving red/blue subsets of early/late-type galaxy luminosity
functions are less common (e.g., Ilbert et al. 2005).
The faint end slope of our blue spiral function is also similar
to the blue function of Baldry et al. (2004), with our α value
of -1.21 ± 0.25 within the uncertainties of their blue function
value of α = -1.18 ± 0.02. This faint end slope of the blue
function is almost certainly affected by surface brightness in-
completeness and should be steeper (e.g., Bell et al. 2003b;
Blanton et al. 2005). We test this by imposing a faint end
limit of MK > -21 to the Schechter function fit, which pro-
duces a function with faint end slope of -1.28 ± 0.21. This is
in good agreement with the faint end slope of' -1.3 found by
Blanton et al. (2005) for their sample of low surface bright-
ness galaxies.
We find that when comparing blue and red late-type popu-
lations, red spirals are preferentially found amongst the most
massive spiral galaxies (supported by the findings of Mas-
ters et al. (2010), Pimbblet & Jensen (2012) and Bell et al.
(2003a). In a simple toy model, where red spirals are faded
blue spirals, we would expect red spirals to be fainter than
the blue spiral population. Instead we find that red spirals
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TABLE 6
MAXIMUM LIKELIHOOD FIT PARAMETERS
sample objects mag limit M∗ − 5 log10(h) α log10(Φ∗)
(mag) (h 3 Mpc−3 mag−1)
Total
This Paper 13,325 Ktot ≤ 10.75 -23.87 ± 0.06 -1.23 ± 0.08 -2.13 ± 0.05
This Paper (scaled) 13,325 Ktot ≤ 10.75 -23.83 ± 0.06 -1.17 ± 0.08 -2.05 ± 0.05
Devereux et al (2009) 1,345 Kiso ≤ 10.0 -23.41 ± 0.46 -0.94 ± 0.10 -1.94 ± 0.10
Jones et al (2006) 60,869 Ktot < 12.75 -23.83 ± 0.03 -1.16 ± 0.04 -2.13 ± 0.01
Bell et al (2003) 6,282 KKron ≤ 13.57 -23.29 ± 0.05 -0.77 ± 0.04 -1.84 ± 0.02
Kochanek et al (2001) 3,878 K20 < 11.25 -23.39 ± 0.05 -1.09 ± 0.06 -2.06 ± 0.04
Cole et al (2001) 5,683 KKron < 13.2 -23.44 ± 0.03 -0.96 ± 0.05 -1.97 ± 0.06
Early-Type
This Paper 5,640 Ktot ≤ 10.75 -24.03 ± 0.06 -1.02 ± 0.10 -2.58 ± 0.05
This Paper (scaled) 5,640 Ktot ≤ 10.75 -24.01 ± 0.05 -1.00 ± 0.09 -2.53 ± 0.04
Kochanek et al (2001) 1,781 K20 < 11.25 -23.53 ± 0.06 -0.92 ± 0.10 -2.34 ± 0.05
Late-Type
This Paper 7,685 Ktot ≤ 10.75 -23.49 ± 0.06 -1.13 ± 0.10 -2.13 ± 0.04
This Paper (scaled) 7,685 Ktot ≤ 10.75 -23.43 ± 0.07 -1.06 ± 0.10 -2.05 ± 0.04
Kochanek et al (2001) 2,097 K20 < 11.25 -22.98 ± 0.06 -0.87 ± 0.09 -2.0 ± 0.06
NASA Sloan Atlas Blue Late-Type
This Paper 1,981 Ktot < 10.75 -23.47 ± 0.16 -1.31 ± 0.23 -2.35 ± 0.11
This Paper (scaled) 1,981 Ktot < 10.75 -23.39 ± 0.14 -1.21 ± 0.22 -2.26 ± 0.10
This Paper (high surface brightness) 1,899 Ktot < 10.75 -23.46 ± 0.15 -1.28 ± 0.21 -2.34 ± 0.10
This Paper (scaled, high surface brightness) 1,899 Ktot < 10.75 -23.44 ± 0.16 -1.28 ± 0.21 -2.27 ± 0.10
NASA Sloan Atlas Red Late-Type
This Paper 1,174 Ktot < 10.75 -23.33 ± 0.09 -0.70 ± 0.11 -2.50 ± 0.13
This Paper (scaled) 1,174 Ktot < 10.75 -23.31 ± 0.09 -0.69 ± 0.11 -2.45 ± 0.11
NASA Sloan Atlas Early-Type + Red Late-Type
This Paper 3,436 Ktot < 10.75 -23.76 ± 0.11 -0.90 ± 0.19 -2.27 ± 0.11
This Paper (scaled) 3,436 Ktot < 10.75 -23.73 ± 0.10 -0.87 ± 0.18 -2.22 ± 0.10
are amongst the most luminous spiral galaxies and that these
galaxies often show evidence for star formation (as shown in
Figure 14), which is consistent with several previous studies
that find continuing star formation within red spiral galaxies
(e.g., Tojeiro et al. 2013; Masters et al. 2010; Mahajan & Ray-
chaudhury 2009; Wolf et al. 2009; Crossett et al. 2014).
We find that the fraction of spirals that are red increases
with luminosity, that does not mean that red spirals dominate
the bright end of the red galaxy luminosity function. This is
not unexpected, as elliptical galaxies are expected to be the
most massive members of any galaxy population. To illus-
trate this, we plot luminosity functions for NASA Sloan Atlas
galaxies that we have classified as early-type, against those
that we have classified as red spirals in Figure 19. We see
that the fraction of red galaxies that are spirals increases with
decreasing luminosity, until MK ' −22, at which point early-
type galaxies may increase again.
In addition, we note that disk galaxies without star forma-
tion exist in our sample, but they have largely been classi-
fied as early-type galaxies (using traditional classifications).
Bundy et al. (2010) conclude that '50% of red sequence
galaxies are disk-like, generally with large bulges, and dom-
inate at lower masses. However, they differentiate disk and
bulge galaxies using only axis ratios. van der Wel et al. (2009)
also come to a similar conclusion, however they use a more
sophisticated classification scheme called ZEST which “com-
bines the power of a principle component (PC) analysis of
nonparametric measures of galaxy structure with information
from a parametric fit". We have confirmed this by inspect-
ing the less luminous optically red galaxies in our sample. If
we consider only red galaxies with MK −5log10(h) > -20, we
see a mixture of galaxies classified as elliptical and lenticular
morphological types. Of the 7 galaxies shown in Figure 20,
2 galaxies have NASA Sloan Atlas Sersic indices less than 2,
2 have Sersic indices between 2 and 3, and 3 have Sersic In-
dices higher than 3. It is plausible that these 4 galaxies with
lower Sersic indices could be misclassified disk galaxies.
5. CONCLUSION
We have determined near infrared K-band luminosity func-
tions using 13,325 Ktot ≤ 10.75 galaxies in the local Universe
with known morphologies and redshifts. There are small dif-
ferences in the shape of our LFs relative to prior literature, in
part resulting from sample sizes, different photometric meth-
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FIG. 15.— Two LFs for blue spirals and for red spirals, scaled to correct
for changes in density, using the function in Figure 8. The shapes of these
two color-selected functions differ considerably at the faint end. The red and
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FIG. 16.— Luminosity functions for blue spiral galaxies (late-types) and
early-type galaxies with all red spirals added to that population. The functions
are scaled for over-densities using the function in Figure 8. These corrections
lower the faint end of both LFs very slightly. Adding the red spiral population
to the early-type population raises the middle of the function and lowers the
faint end, producing a shape closer to, but less extreme than that expected
from a color-selected sample. Fit parameters are displayed in Table 6.
ods, the availability of redshift-independent distances, bulk
flow corrections and corrections for over-density.
In this paper we have investigated the discrepancy between
the shapes of color-selected and morphology-selected lumi-
nosity functions. The difference in shape is explained (in
part) by massive red spiral galaxies. Our red galaxy LF is in
agreement with the shape of other local Universe LFs, how-
ever, our red galaxy LF does not exhibit the same faint end
slope as some red LFs at higher z. Our blue galaxy function
also agrees well with previous local Universe LFs, and when
corrected for surface brightness incompleteness, exhibits the
same steep faint end shape as comparable low surface bright-
ness optical functions.
There are comparable numbers of red and blue spiral galax-
ies at high stellar masses, but red spirals do not dominate the
overall red galaxy population at its bright end. Higher mass
red spirals are still forming stars, and disk galaxies without
star formation have generally been classified as early-type
galaxies (using traditional classifications), though their visual
appearance and axis ratios indicate a far more disk like mor-
phology. Sersic indices and visual inspection of the faint end
of the red luminosity function indicates that a large fraction
of these galaxies may be faded disks rather than true bulge
dominated galaxies.
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